The human red cell surface is coated with a plethora of reactive substances known as blood group antigens, which form 30 systems and serve compatibility roles analogous to human leukocyte antigens (HLAs). Of this vast antigen repertoire, ABO and Rhesus (Rh) embody two of the most medically significant systems as a cornerstone of immunohematology in transfusion medicine. [1] [2] [3] [4] In contrast to ABO antigens, which are expressed in the form of carbohydrates in multiple tissues, 5 Rh antigens are membrane proteins and are erythroid- 
prokaryotes contain a single-copy gene, and Rh-carrying unicellular eukaryotes have one or two but seldom more than two copies, except for Trichomonas vaginalis. Such variations are also seen in metazoan animals in the form of either gene gain or gene loss, but the trend is an increase of copy number from lower to higher organisms. [22] [23] [24] On one hand, the water flea Daphnia pulex has as many as six genes; on the other hand, insects, such as fruit flies and honey bees, have only one gene. The Rh gene copy number is much less varied in vertebrates, particularly mammals.
The phylogenetic tree of the Rh family reveals three features that define the relationship of its members in metazoan animals [22] [23] [24] (see Figure 1 ). 1 Division of subgroups is clearly and only seen in vertebrates, and consists of two branches of erythroid specificity (Rh30 and RhAG) and two branches of epithelial specificity (RhBG and RhCG). 2 A novel gene is found in lower vertebrates (fish to frog) but not in mammals. Its members form a separate subgroup (Rhp2) above the invertebrate class (Rhp1), thus being the direct ancestor of the four universal vertebrate subgroups. 3 Although invertebrate homologs do not cluster into subgroups due to a greater intraspecific similarity, they individually are comparable in distance from the vertebrate subgroups.
These features suggest that invertebrate Rh proteins retain the ancestral function, whereas vertebrate Rh subgroup proteins underscore a major drive of subfunctionalization coincident with vertebrate evolution.
The Rh family tree also reveals the degree of conservation of vertebrate subgroups, i.e. the epithelial branches are more conserved than the erythroid branches (RhBG>RhCG>RhAG>Rh30) (see Figure 1) . So, RhBG and RhCG could have arisen before RhAG and Rh30, as Trichoplax adhaerens, a basal metazoan, has two epithelial cell types and two Rh genes, 25, 26 but no hemocyte, a primitive form of vertebrate blood cells.
Then, a RhAG-like gene derived from an epithelial ancestor could have emerged first in invertebrate hemocyte followed by another duplication making Rh30 in vertebrate red cells. As only one Rh gene is found in insects, it may be expressed in both epithelia and hemocytes. As in humans 27 (see Figure 2 ), epithelial and erythroid Rh genes exist as independent chromosomal loci in vertebrates. The only known exception is the duplication of RhD from RhCE in recent evolution that resulted in two genes in tandem and eight common haplotypes among human populations. 28 Thus, all the precursor genes of RhBG, RhCG, RhAG, and Rh30 must have evolved early on in accordance with vertebrate evolution and primarily via chromosomal translocation.
Further insight into this view can be obtained after the identification of Rh subgroups in jawless vertebrate hagfish and lamprey.
Structure and Function of Rhesus Proteins
Members of the Rh family share a common membrane fold typical of 12 spanning segments as seen in human erythroid and epithelial Rh proteins. [10] [11] [12] [13] [14] [15] [16] The consensus primary and secondary structural features of the whole Rh family have also been identified. 23, 27 In contrast to the majority of membrane proteins with a basic isoelectric point (pI), all Rh proteins except Rh30 have an acidic pI. 24 
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The tree contains over 100 members and is not rooted. 
Similarly, it remains unsolved whether human RhBG and RhCG mediate electroneutral or electrogenic ammonia passage. [42] [43] [44] [45] [46] [47] The possibility has also been raised that RhAG is a promiscuous channel for other gaseous substrates such as nitric oxide and oxygen. 21 Despite the disputes, an agreement on the role of human Rh30 has emerged from the structure of N. europaea Rh protein, 29, 30 i.e. Rh30 is less likely to retain a transport activity 20 but has a structural role participating in the assembly of Rh complex with the band 3 complex in the membrane. 21 This view is in line with fast evolution of Rh30 proteins signifying a positive selection and thus a functional modification [49] [50] [51] [52] in accord with surface-to-volume ratio increase 32 and morphogenetic evolution of mammalian red cells.
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Significance of Rhesus Proteins in Disease Association
The epithelial RhBG and RhCG proteins are highly conserved due to strong purifying selection, 23 which may account for the apparent lack of documentation of their natural mutation in humans. Nonetheless, their physiological significance has been demonstrated by the knockdown phenotypes of those orthologs in lower organisms. In the green alga Chlamydomonas reinhardtii, Rh1 gene knockdown impairs cell growth at high levels of CO 2 and affects the carbon concentration mechanism during growth on acetate. 32 In the worm Caenorhabditis elegans, Rh1 gene (rhr-1) knockdown causes embryonic lethality and arrests normal development. 34 Recently, the physiological importance of mammalian Rh proteins has been shown in Rhcg knockout mice that manifest pH changes in urine and epididymal fluid, 48 indicating a deficit in pH regulation primary to renal ammonium excretion. In contrast to the negative results seen in Rhbg knockout mice, 53 this work implies that human RhCG, when mutated, may involve distal renal tubular acidosis and male infertility. 48 Interestingly, human RHCG has also been identified as a candidate gene for early-onset major depressive disorder, 54 and human RHAG is linked to a subtype of migraine 55 (see Figure 2) . These results echo a wide expression of Rhcg and a focal expression of Rhag in mouse brain, 56 suggesting that the two proteins play critical but differential roles in the central nervous system. 
A: Diagram of organization of the RH locus and its flanking loci (common and official names are shown). Exons of the three genes are numbered in terms of their orientation. In human RhD it is a duplicate downstream of SMP1 (TMEM50A), whereas RhCE is oriented in reverse to Macoilin (TMEM57). B: Conservation of the RH gene block. Shown are species (left) and chromosome and accession numbers (right).
Rh antigens, particularly the D antigen, play a pivotal role in hemolytic disease of the fetus and the newborn and their mutations cause Rh null cells (amorph type)
with mild phenotypes.
permeability, and adenosine triphosphate (ATPase) activity, but decreased lipid asymmetry and membrane flexibility. Such changes indicate that ablation or disruption of the RhAG function also affects red cell integrity. Figure 2 shows the sites of various mutations resulting in the two disorders and those located at the surface as potential neutral polymorphisms.
Rhesus Allelic Diversity and Relevance to Genomic Transfusion Medicine
Unlike Rh glycoproteins, human RhD and RhCE have undergone extensive allelic diversification. Nonetheless, the two-gene RH locus resides in a block of genes encoding highly conserved proteins and retaining conserved chromosomal synteny in vertebrates (see Figure 3) .
If the flanking genes are under conserved evolution, they could shelter the RH locus from interference by Rh homologous genes elsewhere in the genome, thereby facilitating homologous recombination between RHD and RHCE. Currently, about 200 allelic forms have been defined at the molecular level, emphasizing a system complexity. 17 Of such allelic variants, most have changes in the coding sequence and many occur in genetic hybrids of various patterns between RHD and RHCE. 20, 59, 60 Hence, RHD duplication appears to have served as a driving force rendering the RH locus susceptible to homologous recombination. This duplication may also underlie the immunopotency of D antigen and its subsequent adaptation in different populations. Given the quite recent evolutional appearance of RHD, the human immune system may still be at work monitoring and adapting to its novel molecular features. In this context, the incompatibility between D-positive fetus and D-negative mother in pregnancy and its attenuation through homologous recombination at the population level can be regarded as the two arms of a balancing act in positive selection. 22 Genomic or gene-based medicine has been transforming medical practice after the revolutionary progress in decoding the human genome. 61 Similarly, since cloning of the first blood group gene, GYPA for M/N glycophorin, 62 the genetic definition of the first blood group variant phenotype S-s-U- 63 and the first DNA typing of M/N genotypes followed. 64 Two decades later immunohematology has been revitalized with extensive new genetic knowledge and is entering the molecular era, which will ultimately lead to genomic transfusion medicine. This knowledge is now being used in applications for patient care in the form of genotyping, as demonstrated in A Workshop on Molecular Methods in Immunohematology. 65 New ideas and methods are being rapidly disseminated to promote such applications and bring their utility to clinical settings, as reflected in recent reviews. 65, 66 Although challenges still exist, Rh and ABO, with several others, will continue to serve as models for testing new methods and monitoring blood transfusion and hemolytic disease of the fetus and newborn. 
